Synaptosomes (isolated nerve terminals) have been studied for more than 40 years. The preparation allows aspects of transmitter metabolism and release to be studied ex vivo from specific brain regions of animals of any age. Conditions can be devised to enable the terminals to fire spontaneous action potentials, allowing the presynaptic control of glutamate exocytosis to be studied. Recent developments have greatly increased the sensitivity with which the bioenergetics of the intra-synaptosomal mitochondria can be investigated.
Introduction
Presynaptic nerve terminal and en passant varicosities are surprisingly accessible to neurochemical and bioenergetic analysis, by virtue of their ability to shear off from the axon and reseal in response to careful homogenization. Early preparations of brain mitochondria were found to be contaminated with such synaptosomes, and increasingly sophisticated density gradient techniques have been employed to separate them from the free mitochondria and contaminating myelin [1] . No less than 12 000 references can be recalled from PubMed using the key word synaptosome, excluding those hidden by the euphemism 'isolated nerve terminal'. Although the synaptosome is not a perfect preparation (for example, it is not possible to avoid transmitter heterogeneity and it is difficult to avoid contamination with other membrane fractions), it does allow presynaptic bioenergetics and its relation to Ca 2+ homoeostasis and transmitter release to be studied ex vivo from specific brain regions of animals of any age, overcoming the neonatal requirement of primary neuronal cultures. The present brief review focuses on methods to induce and study release of the major neurotransmitter glutamate and on recent developments in investigating the underlying bioenergetics of the termini, with an emphasis on the stochastic aspects of presynaptic function.
An attraction of the synaptosomal preparation to the neurobioenergeticist is that it provides a means to investigate mitochondrial interactions with a cytoplasm and fully functional presynaptic plasma membrane retaining all the key machinery for the exo-and endo-cytosis of neurotransmitters linked to the full complement of plasma membrane presynaptic receptors, ion channels and pumps. This is in contrast with the widely utilized isolated brain mitochondrial preparation which is compromised by the highly heterogeneous cellular and subcellular origins of the organelles obtained by homogenizing even defined brain regions. The synaptosome can be considered topologically as one or more mitochondria surrounded by a cytoplasm and plasma membrane and can be investigated as a 'supermitochondrion' with the added complexities of cytoplasmic metabolism, plasma membrane ion transport pathways and neurotransmitter release. Experimentally, synaptosomes can be investigated using a combination of techniques applicable to isolated mitochondria and intact cells, while our development of a continuous fluorimetric assay for released glutamate [2] allowed the release of this major transmitter to be monitored in parallel with the bioenergetic parameters.
Transmitter release
During the fraction of a second when the plasma membrane is ruptured during preparation and before it spontaneously reseals, there is a loss of cytoplasmic K + and Na + , such that the K + diffusion potential when the synaptosomes are suspended in 3.5 mM KCl medium is approx. 45 mV [3] . As a consequence, voltage-dependent Na + channels occasionally activate, so that the open channel inhibitor veratridine can bind and prevent desensitization. Veratridine has multiple effects, increasing respiration as the Na + /K + -ATPase accelerates to expel the excess Na + [3] , depolarizing the plasma membrane, activating voltage-dependent Ca 2+ channels and inducing a massive Ca 2+ -independent release of cytoplasmic glutamate [4] . The frequency of spontaneous firing in the absence of veratridine appears to be too low to allow significant Ca 2+ -dependent exocytosis of glutamate, but can be greatly enhanced by the addition of 4AP (4-aminopyridine) to inhibit A-type K + -channels [5] . In the presence of 4AP, the synaptosomes appear to fire repetitive spontaneous action potentials [5] , and this has opened up a new dimension for the investigation of the biochemistry of the presynaptic mechanisms regulating neurotransmitter release, particularly when coupled to the continuous fluorimetric assay for glutamate release [2] . These studies have been reviewed extensively [6] and are summarized here briefly.
Activation of presynaptic PKC (protein kinase C) isoforms by phorbol esters produces a 5-fold enhancement of glutamate exocytosis elicited by 4AP, whereas KCl-evoked release is almost insensitive [7] . Since PKC-dependent phosphorylation still occurs [8] , this indicates that the potentiation is independent of the phosphorylation state of, e.g., the major presynaptic PKC substrates such as GAP-43 (growthassociated protein of 43 kDa) and MARCKS (myristoylated alanine-rich C-kinase substrate). Fluorescent monitoring of plasma membrane potentials showed that PKC activation enhanced 4AP-induced average depolarization with little effect on resting potentials, indicating a potentiation of the 4AP-induced spontaneous action potentials [9] . The pharmacology of the potentiation is consistent with a 'delayed rectifier' type of K + -channel [10] . Low concentrations of AA (arachidonic acid) decrease the concentration of phorbol esters required to observe facilitation of glutamate exocytosis from synaptosomes [11] . A physiological activator of the release-coupled PKC is glutamate itself, thus the mGluR (metabotropic glutamate receptor) agonist ACPD [1-aminocyclopentane-(1S,3R)-dicarboxylate] facilitates 4AP-evoked glutamate release in the presence of AA via phospholipase C [12] . Thus, at least in cortical and hippocampal synaptosomes, enhanced glutamate exocytosis requires presynaptic activation of an mGluR autoreceptor together with delivery of AA or a related message, recalling requirements reported for electrophysiological long-term potentiation in hippocampal slices [13] . The synaptosomal preparation also allows investigation of presynaptic inhibitory adenosine A 1 receptors, which potently inhibit glutamate exocytosis evoked by both KCl and 4AP, consistent with an inhibitory action on release-coupled Ca 2+ channels [14] . Significantly, the facilitatory mGluR discussed above suppresses the inhibitory action of adenosine [15] .
Bioenergetics
Nerve terminals require ATP for exocytosis and endocytosis and for ionic homoeostasis. Consequently, synaptosomes are abundantly furnished with mitochondria, and provide a model with which to test hypotheses concerning consequences of mitochondrial dysfunction in neurodegenerative disorders which has many advantages over studies with isolated brain mitochondria, which are inherently heterogeneous (from neurons and glia) and are deprived of their physiological milieu. In common with all mitochondria, the key bioenergetic parameters to monitor in synaptosomal preparations are mitochondrial membrane potentials ( ψ m ) and respiration, the latter reporting on the proton current flowing around the proton circuit.
Respiratory studies have been facilitated by the application of the Seahorse XF24 respirometer [16] which has reduced the amount of synaptosomal protein required to monitor respiration to a few micrograms, with the result that multiple experiments can be performed on the synaptosomes prepared from a specific brain region of a single mouse. An informative initial experiment to establish the bioenergetic status of the mitochondria is to determine coupling efficiency [the proportion of the basal proton current (respiration) that is utilized for ATP synthesis rather than re-entering the matrix via the inherent proton leak across the inner mitochondrial membrane, followed by the spare respiratory capacity (the reserve capacity of substrate delivery and electron transport available to increase ATP synthesis in response to an increased ATP demand)]. This can most simply be determined by the sequential addition of oligomycin (to inhibit proton reentry via the ATP synthase) and FCCP (carbonyl cyanide ptrifluoromethoxyphenylhydrazone) (to provide an artificial proton re-entry pathway and thus relieve respiratory control). In our recent study [16] , murine cortical synaptosomes gave a basal respiration (leak plus ATP synthesis) of 5.2±0.7 nmol of O/min per mg of protein, decreasing to 3.3 nmol of O/min per mg of protein in the presence of oligomycin (leak) and increasing to 21 nmol of O/min per mg of protein in the presence of the protonophore FCCP. One limitation with the synaptosomal preparation is that during the brief period when the axon is sheared and before the presynaptic membrane reseals, there is a loss of some cytoplasmic content and incorporation of sucrose. As a result, glycolytic capacity, and hence pyruvate delivery to the mitochondrion, is reduced. Exogenous pyruvate is a good substrate for the in situ mitochondria, and when 15 mM glucose medium was supplemented with 10 mM pyruvate, uncontrolled respiration was increased from 21 to 46 nmol of O/min per mg of protein [16] . In addition to this doubling of respiratory capacity, the oligomycin-insensitive proton leak also increased from 3.3 to 6.4 nmol of O/min per mg of protein. Proton leak is highly dependent upon ψ m [17] , and pyruvate supplementation results in a population average hyperpolarization of the intrasynaptosomal mitochondria by approx. 6 mV [18] , so it is likely that the increased leak current is a consequence of this increased driving force, although an alternative is that a subpopulation of glycolysis-deficient synaptosomes with depolarized mitochondria were selectively energized by pyruvate. To distinguish these possibilities, single synaptosomal imaging was performed using an improved technique whereby 'monomeric' synaptosomes in low ionic strength medium were centrifuged on to coated plates and equilibrated with the potential indicator TMRM + (tetramethylrhodamine methyl ester). A uniform hyperpolarization was observed in the synaptosomal preparation, indicating that glycolysis was restricting proton pumping in the entire population [16] .
The combination of population respiration and single synaptosomal imaging was used to test the hypothesis that we have proposed previously in the context of glutamate excitotoxicity, namely that the long-term survival of individual neurons is dependent on their retaining a sufficient spare respiratory capacity to deal with the maximal peak energy demand to which they will ever be exposed [19] . Failure would result in the stochastic demise of individual neurons, and thus any decrease in spare respiratory capacity would facilitate this process. To extend this concept to the synaptosomal preparation, maximal electron transport activity was partially restricted by addition of low concentrations of an inhibitor of Complex I (rotenone) or Complex II [3NPA (3-nitropropionate)] [16] . Together with an uninhibited preparation, ψ m was monitored as a function of time in single synaptosomes in the absence of further additions and following addition of a low-nanomolar concentration of protonophore to model an increase in proton current demand. Control synaptosomes retained their ψ m throughout the 80 min duration of the experiment, whereas a subpopulation of those with restricted electron-transport capacity showed a progressive loss of ψ m , so that, by the termination of the experiment, they had depolarized by more than 30 mV, which was defined as the limit below which the mitochondria would be thermodynamically incapable of ATP synthesis. This shortterm experiment may thus model a time-dependent stochastic failure of individual nerve terminals in neurodegenerative disorders associated with impaired mitochondrial function.
